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Abstract 
The Chemical-Looping Combustion of coal in the reactor system has been proposed as 
an interesting option to process a solid fuel in a CLC system. In this process, a solid fuel 
is directly fed to the fuel reactor in a CLC system. Solid fuel pyrolysis, char gasification 
and oxidation of gaseous products by reaction with the oxygen-carrier are the main 
chemical processes happening in the fuel reactor. The aim of this study is to analyze the 
performance of ilmenite as oxygen-carrier for CLC of coal regarding to the conversion 
of gaseous products from char gasification. Successive reduction-oxidation cycles were 
carried out in a fluidized bed using bituminous coal char as reducing agent. The changes 
on chemical and physical properties of ilmenite particles were determined. An 
activation process of ilmenite through the redox cycles was evidenced which was 
justified by an increase of porosity. The results showed that the activation for ilmenite 
reduction reaction was completed after 7 redox cycles. However, the oxidation reaction 
rate was increasing still after 16 redox cycles because the porosity was not fully 
developed. The gasification reaction rate and the ilmenite reactivity were analyzed. The 
effect of ilmenite itself and the influence of the gasification agent, i.e. H2O, CO2 or 
H2O/CO2 mixtures, and temperature on the gasification rate were evaluated. Limited use 
of CO2 in the fluidizing gas was identified in order to maintain high gasification rates. 
Higher temperature improved the char gasification rate, mainly using steam as 
gasification agent, and the combustion efficiency of the gasification products. 
Nevertheless, the effect of temperature on the combustion efficiency was of lower 
relevance than that on the gasification rate. Finally, a theoretical approach was 
developed to easily evaluate the conversion of char in the fuel-reactor by gasification. 
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1. Introduction 
 
According to the Intergovernmental Panel on Climate Change (IPCC) [1], “most of the 
observed increase in global average temperatures since the mid-20
th
 century is very 
likely due to the observed increase in anthropogenic greenhouse gas concentrations”. 
There is therefore a broad acceptance by scientists of the link between greenhouse-gas 
emissions and global climate change. As the use of fossil fuels in energy generation 
represents about 65% of global anthropogenic greenhouse-gas emissions [2], actions 
geared to reduce emissions from fossil fuel combustion are necessary. The intensified 
use of coal would substantially increase the emissions of CO2 unless there was very 
widespread deployment of carbon capture and storage [3]. Carbon dioxide capture is 
generally estimated to represent three-fourths of the total cost of a carbon capture, 
transport and sequestration system. Among the different capture concepts, Chemical-
Looping Combustion (CLC) is one of the most promising technologies to carry out the 
CO2 capture with low cost and small efficiency loss.  
 
CLC is based on the transfer of the oxygen from air to the fuel by means of a solid 
oxygen-carrier. CLC technology has been widely proven using two interconnected 
fluidized beds: the fuel reactor and the air reactor [4]. In the fuel reactor the fuel is 
oxidized through reduction of the oxygen-carrier. The oxygen-carrier is transported to 
the air reactor where is regenerated by oxidation with air. The stream of combustion 
gases from the fuel reactor contains primarily CO2 and H2O. Water can be easily 
separated by condensation and a highly concentrated stream of CO2 ready for 
compression, transport and sequestration is achieved. The gas stream from the air 
reactor is oxygen-depleted and consists only in N2 and some unreacted O2. Thus, N2 in 
air is not mixed with the combustion gases and inherent separation of CO2 from other 
gases is performed with no costs or energy penalty for gas separation. 
 
Chemical Looping Combustion (CLC) with gaseous fuels has been developed in the last 
few years, but using CLC with solid fuels has shown to have recently a great interest 
[5]. The use of coal in CLC is very attractive in future sceneries with restriction in CO2 
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emissions, since coal will keep on being a main energy source in the medium-term. One 
option for CLC with solid fuels is directly to introduce coal in the fuel-reactor, which is 
fluidized by a gasification agent [6-9]. The reactor scheme of Chemical-Looping 
Combustion of solid fuels is shown in Fig. 1. In this technology coal is physically mixed 
with the oxygen-carrier in the fuel reactor where H2O and/or CO2 are used as fluidizing 
gas and gasifying agent. Thus, different processes are happening simultaneously in the 
reactor: (i) the pyrolysis and gasification of coal, where CO and H2 are the main 
product, proceed according reactions (1-3); and (ii) the reaction of volatiles and 
gasification products with the oxygen-carrier to give CO2 and H2O, according reaction 
(4). The oxygen-carrier reduced in the fuel reactor, MexOy-1, is transferred to the air 
reactor where reaction (5) with oxygen from air takes place. Thus the oxygen-carrier is 
regenerated to start a new cycle. The net chemical reaction is the same as usual 
combustion with the same combustion enthalpy. 
 
Coal   →   Volatile matter  +  Char (1) 
Char  +  H2O   →   H2  +  CO (2) 
Char  +  CO2   →   2 CO (3) 
n MexOy  +  H2, CO, Volatile matter (e.g. CH4)   →   n MexOy-1  +  CO2  +  H2O (4) 
MexOy-1  +  ½ O2   →   MexOy (5) 
 
The gasification process is expected to be the slower step in the fuel reactor, thus the 
mean residence time for char particles in the fuel reactor should be higher than for 
oxygen-carrier particles. To increase the mean residence time of char and to avoid 
unreacted carbon entering the air reactor, the char particles can be separated from the 
oxygen-carrier in a so-called carbon stripper and re-introduced to the fuel reactor. 
 
The possibility of using the CLC technology for solid fuels has been showed at 
laboratory scale using different oxygen-carrier materials –e.g. Cu- or Fe-based 
particles–, and different solid fuels –e.g. coal, biomass, solid wastes, pet-coke– [7-10]. 
After the encouraging results obtained at laboratory scale, the feasibility of the CLC 
process for solid fuels in a continuously operated prototype was proven by Berguerand 
and Lyngfelt [11-12] using ilmenite as oxygen-carrier. A carbon stripper was designed 
between the fuel reactor and the air reactor to increase the residence time of char 
particles in the fuel reactor. Due to the characteristics of this facility, the volatiles do not 
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get in contact with oxygen-carrier particles. Thus, only the conversion of gases from 
steam gasification (CO and H2) was analyzed. The importance of using high 
temperatures in this process was acknowledged [13] in order to have high conversion of 
the solid fuel to gases into the reactor. Also the effect of the mean residence time of char 
particles –determined by the solids circulation flow-rate– on its conversion in the fuel 
reactor was analyzed [14]. A higher circulation of solids reduced the mean residence 
time in the reactor and thus a lower efficiency of gasification was obtained. In general, 
high carbon capture efficiencies can be reached (82-96%) [11]. However, some fraction 
of unconverted gases (CO and H2) were obtained in the outlet stream, which demanded 
about 5-7% of the total oxygen necessary to burn coal to CO2 and H2O when the fuel 
reactor temperature was 1000ºC [13]. Furthermore, Cuadrat et al. [15] investigated the 
effect of operating conditions such as temperature and coal particle size on the 
combustion efficiency as well as on the extent of gasification in a continuous CLC rig. 
In this case, volatiles were generated inside the bed. Values for the oxygen demand of 
gases from 5% to 15% were found in all the experimental work, mainly due to 
unconverted CO and H2 coming from devolatilization process. Nevertheless, the char 
gasification and combustion reactions are faster and promoted at higher temperatures. 
They concluded that high carbon capture efficiencies are expected to be obtained, as 
well as high combustion efficiencies, especially at temperatures higher than 950ºC. 
 
Most of the works involving CLC with solid fuels indicate that gasification is probably 
the rate-limiting step. Thus, in order to analyze the efficiency of carbon capture in a 
CLC system with solid fuels, the attention has been usually put on the reactivity of char 
gasification [10-19]. Some works have related the solids inventory in the fuel reactor to 
the reactivity of solid fuel. Thus, the residence time will be larger if a less reactive coal 
is used, and higher the needed solids inventory [20]. However, this fact is only true 
when the mean residence time of oxygen-carrier particles was the same order of 
magnitude than those for char particles. If a carbon stripper is used –as it was showed in 
Figure 1– the residence time of char particles in the fuel reactor can be increased 
without the need for increasing the oxygen-carrier inventory. 
 
Nevertheless, to evaluate the performance of the fuel reactor in the CLC process with 
solid fuels, the reactivity of the oxygen-carrier must be also considered in addition to 
the gasification reactivity. Thus, the gasification kinetics and the reaction kinetics of 
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oxygen-carrier particles with reducing gases were considered by Brown et al. when they 
modelled the gasification and chemical-looping combustion of a lignite char in a 
fluidized bed of iron oxide particles [18]. The fraction of gases from coal gasification 
being converted to CO2 and H2O by the oxygen-carrier greatly depended on the oxygen-
carrier reactivity. A more reactive oxygen-carrier gives higher conversion of gases to 
CO2 and H2O [21]. Nevertheless, unconverted CO, H2, and CH4 were found in the outlet 
gas even though highly reactive Ni-based materials were used. Unconverted gases come 
from both volatiles and gasification products [22,23]. Unconverted gases from 
gasification products are believed to be due to the characteristics of the char–oxygen-
carrier mixing. Char gasification takes place throughout the fluidized-bed reactor. The 
gasification taking place in the upper part of the bed generates CO and H2 which have 
not enough time to react with oxygen-carrier particles. So, some unconverted gases are 
expected to exit from the fuel reactor. This behaviour is fully different from the 
conversion of a fuel gas introduced at the bottom of the fluidized-bed reactor, where the 
fuel is gradually converted in the bed [24].Thus, to evaluate the conversion of a solid 
fuel in a CLC system for solid fuels, both the reactivity of char gasification and oxygen-
carrier material must be considered, in addition to the particular char–oxygen-carrier 
mixing pattern in the reactor. 
 
A key factor for the CLC technology development is the oxygen-carrier material. 
Suitable oxygen-carriers for a CLC process must have high reactivity during reduction 
and oxidation, high attrition resistance and agglomeration absence. Low cost of the 
material is rather desirable for its use with coal, as it is predictable a partial loss together 
with the coal ashes when removing them from the reactor. Natural minerals are 
therefore very interesting materials for this purpose. In this context, ilmenite was 
identified by Leion et al. [25] as oxygen-carrier for solid fuels, proving to be an 
appropriate material for this scope. Ilmenite showed good fluidizing properties and only 
agglomeration problems were observed if ilmenite particles were reduced to a high 
extent, which is not expected at the CLC process. They also show a thermodynamic 
analysis showing that Fe
3+
 and Fe
2+
 can be involved during the redox cycles in a CLC 
system whereas the fuel gas can be fully oxidized into CO2 and H2O. Thus, Fe2TiO5 (i.e. 
Fe2O3·TiO2) is the oxidized form, whereas FeTiO3 (i.e. FeO·TiO2) is the reduced form 
when ilmenite is used in CLC. Thus, the main reduction reactions, i.e. with H2, CO or 
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CH4 as reducing agents, proceed according reactions (6-8) and subsequent oxidation as 
reaction (9). 
 
Fe2TiO5  +  TiO2  +  H2   →   2 FeTiO3  +  H2O (6) 
Fe2TiO5  +  TiO2  +  CO   →   2 FeTiO3  +  CO2 (7) 
4 Fe2TiO5  +  4 TiO2  +  CH4   →   8 FeTiO3  +  CO2  +  2 H2O (8) 
4 FeTiO3  +  O2 →  2 Fe2TiO5  +  2 TiO2 (9) 
 
As for the reactivity, the reaction rate is quite high with syngas, and moderate with CH4 
[19,25,26]. Although ilmenite has initially a rather low reactivity to be used as oxygen-
carrier, it undergoes an activation process after several redox cycles, being its reactivity 
remarkably increased for H2, CO and CH4 as reacting gases [26]. From a comparison 
among different iron oxide based minerals as well as oxide scale residues from the steel 
industry [27], ilmenite looks as a material highly reactive and adequate for its use as 
oxygen-carrier for CLC with solid fuels. In addition, natural ilmenite showed 
comparable reactivity with synthetic Fe2O3/MgAl2O4 particles with different solid fuels 
[17,21]. 
 
Ilmenite has been tested with solid fuels in batch tests and in continuously operated 
prototypes. In a batch fluidized-bed reactor, Leion et al. [20] found that ilmenite 
enhances the gasification rate of coal because the presence of oxygen-carrier particles 
reduces the fraction of H2 in the bed, which has an inhibitory effect on the gasification. 
This fact has been observed as much for steam gasification as for CO2 gasification using 
different oxygen-carrier materials [10,18]. Thus, the char gasification rate is increased 
as the inhibitor gas (H2 or CO) decreases its concentration in the reactor because of the 
reaction with the oxygen-carrier. The char conversion is related to the reactivity of solid 
fuel particles [28], being the nature of the oxygen-carrier of lower relevance [20,21]. In 
addition, the type of fluidizing gas –which acts also as gasifying agent– and reacting 
temperature have a great influence on the char gasification. Thus, the fuel conversion 
was reduced when H2O was replaced by CO2 [29], but it was increased with the 
temperature [12,19,20]. The ilmenite material was also tested in continuous CLC 
systems. The good conversion of syngas using ilmenite has been showed in dual 
fluidized bed CLC systems [19,30]. The performance of ilmenite in the 10 kWth 
continuous CLC system was analyzed with various solid fuels [11-13]. They concluded 
 7 
that the low tendency for attrition or agglomeration of this material and its low market 
price make it an interesting option for use in CLC with solid fuels.  
 
H2 and CO from char gasification can account for a relevant oxygen demand in 
unconverted gases. Moreover, non-gasified char can pass to the air reactor, so losing 
carbon capture efficiency. Thus, the char gasification process and subsequent oxidation 
of H2 and CO by the oxygen-carrier is an important issue to be considered in the CLC 
process. This work investigated the performance of ilmenite as oxygen-carrier in CLC 
for solid fuels through the reduction-oxidation cycles when using coal as fuel. 
Specifically, the conversion of char particles and the subsequent oxidation of 
gasification products with ilmenite were analyzed. Coal char was used as reducing 
agent, thus avoiding complex interpretation of the results due to volatiles conversion 
when coal is fed to the reactor. 
 
The activation process of ilmenite particles was investigated when repeated redox 
cycles using coal char as reducing agent were carried out. Ilmenite activation with a 
solid fuel was compared to previous activation carried out by gaseous fuels. In addition, 
the effect of operating conditions (temperature, gas composition) on the char conversion 
and combustion efficiency of gasification gases were analyzed. Results here obtained 
will be later used to describe the effect of the char–oxygen-carrier mixing on the 
combustion efficiency by using a simplified reactor model, and to propose a way to 
optimize the solids inventory in a CLC system for solid fuels. 
 
2. Experimental 
 
2.1. Oxygen-carrier: ilmenite 
 
Ilmenite is a common mineral found in metamorphic and igneous rocks. The ilmenite 
used in this work is a concentrate from a natural ore from Norway with a purity of 
94.3%. Ilmenite particles are mainly composed of FeTiO3, TiO2 and Fe2O3. This 
ilmenite has shown good reactivity and excellent properties from both TGA and batch 
fluidized bed testing [17,20,25,26]. It has also been tested with solid fuels in 
continuously operated facilities [11-15]. 
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As starting material, pre-oxidized ilmenite particles were used in this work. They were 
obtained by exposing fresh particles to a thermal pre-treatment at 950ºC in air during 24 
hours. The pre-oxidation was considered in order to get ilmenite in its most oxidized 
state [25], to improve properties and initial reaction rates [26], and to avoid 
defluidization problems [30]. The main properties for pre-oxidized ilmenite are showed 
in Table 1. The composition of pre-oxidized ilmenite was 54.7 wt.% Fe2TiO5, 11.2 
wt.% Fe2O3, 28.6% TiO2 and 5.5 wt.% of other inert compounds, mainly MgSiO3. Thus, 
the Fe:Ti molar ratio was around 1:1. In the fully oxidized ilmenite, the iron was found 
to be as Fe
3+
, either in the Fe2TiO5 compound or as free Fe2O3. However, in the CLC 
process pseudobrookite (Fe2TiO5) and hematite (Fe2O3) are reduced to ilmenite 
(FeTiO3) and magnetite (Fe3O4), respectively. Rutile is considered to be an inert. Higher 
reduction prevents the complete conversion of the fuel to CO2 and H2O because 
thermodynamic constrictions (Leion et al., 2008b). Thus, the oxygen transport capacity 
of ilmenite, RO,ilm, was defined as the oxygen transport capacity useful for CLC, being 
calculated as 
 
,
o r
O ilm
o
m m
R
m
 (10) 
 
being mo the mass of the most oxidized form of the oxygen carrier, and mr the mass in 
the reduced form, i.e. a mixture of FeTiO3 and Fe3O4. 
2.2 Solid fuel: coal char 
 
The fuel used was char coming from a devolatilized South African coal, which is, as for 
the ASTM, classified as medium volatile bituminous coal. To produce the char, batch of 
500 g of coal particles were devolatilizated in a fluidized-bed reactor. The reactor was 
fluidized by N2 and it was heated up from room temperature to 900ºC with a 
temperature ramp of 20ºC/min and afterwards cooled down. Since the gas velocity 
increases with the temperature, the N2 flow was correspondingly reduced as the 
temperature increased to ensure bubbling bed conditions and to avoid elutration of 
particles. The proximate and ultimate analysis of the obtained char is shown in Table 2. 
The particle size of char was in the range 100-200 m, and the density of the particles 
was about 1000 kg/m
3
. 
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2.3 Experimental setup: fluidized-bed reactor 
 
The experimental work has been carried out in a setup consisting of a system for gas 
feeding, a solid fuel feeding system, a fluidized-bed reactor and the gas analysis system. 
A schematic layout of the laboratory setup is presented in Fig. 2. The fluidized-bed 
reactor –55 mm D.I. and 700 mm height– is electrically heated by a furnace, and had a 
preheating zone just under the distributor plate. The temperature inside the bed was 
measured and used to control the reaction temperature. The reactor had pressure taps in 
order to measure the absolute pressure in the bed and pressure drop. Agglomeration and 
defluidization problems could be detected by a sharp decrease in the bed pressure drop 
during operation. The pressure tap was also useful to detect possible blocking in the 
downstream pipes due to elutriated particles or tar condensation in cold points.  
 
The reactor was loaded with 400 g of ilmenite with a particle size of +150-300 m. In 
some tests silica sand (200-400 m) was used instead of ilmenite. The feeding of the 
solid fuel was done by means of a fuel chute which ends 3 cm above the distributor 
plate and about 5-6 cm below the upper level of the fluidizing particles. So, char 
particles are fed inside the fluidized bed. The upper part of the chute has a valve system 
that creates a reservoir in which the fuel is placed and later pressurized by nitrogen to 
ensure quick char feeding. 
 
The gas feeding system had different mass flow controllers connected to an automatic 
three-way valve. In this way, it was possible to feed alternatively air, nitrogen or a 
mixture of steam/CO2. The steam was obtained by evaporation with a resistance heater 
of a known water flow supplied by a peristaltic pump. Different gas analyzers 
continuously measured the gas composition at the reactor exit after water condensation. 
CO, CO2 and CH4 dry basis concentrations were determined using non-dispersive 
infrared analysis (NDIR) and H2 by thermal gas conductivity. The O2 concentration was 
determined in a paramagnetic analyzer. As in most of cases gas is mainly composed by 
steam, a downstream N2 flow of 90 LN/h is introduced to ensure a continuous dry gas 
flow feeding the analyzers. This nitrogen is also later used to calculate the total outlet 
gas flow by a nitrogen balance. 
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2.4. Experimental procedure 
 
The experimental work has been carried out in the fluidized-bed reactor above described 
at temperatures between 900 and 1000ºC. The reactor was loaded with 400 g of ilmenite 
particles and they were exposed sequentially to reducing and oxidizing conditions. 
During reduction periods, char was used as fuel whereas the reactor was fluidized with 
steam, CO2 or steam/CO2 mixtures, which also acted as gasification agent. After every 
reducing period, ilmenite particles were fully re-oxidized with air before starting a new 
cycle. Between the reducing and oxidizing periods a N2 flow was also introduced during 
2 min to purge the system. The total fluidizing flow was 200 LN/h, which corresponds to 
a gas velocity of 0.1 m/s at 900ºC in the reactor. 
 
During the reducing periods, batch loads of South African coal char were fed to the 
reactor through the solids feeding system. Char particles were fed by valve v1 to a small 
reservoir placed in the upper part of the fuel chute, see Fig. 2. After that, the deposit was 
over-pressurized 1 bar with N2 by valve v2. Once the reservoir was pressurized, valve 
v2 was closed and v3 was opened and quickly closed. Then, char particles fall to the 
fluidized bed through the fuel chute as the reservoir is unpressurized. Thus, it was 
ensured that char particles were forced to enter to the fluidized bed, whereas a 
continuous flow of nitrogen through the fuel chute is avoided. 
 
Two series of experiments were performed. The first tests were done to evaluate the 
evolution of the reaction rate of ilmenite particles with the cycle number. In this case, 
the reducing periods consisted in introducing 2 loads of char –1.5 g each load– using 
steam as fluidization gas at 900ºC. A previous series of tests were done introducing char 
loads with different weight of fuel. The loads of 1.5 g resulted to be the loads with 
highest char quantity that could be fed with no major fuel entrainment. Every load was 
left till char gasification was complete. Thus, the evolution in the ilmenite reactivity was 
evaluated in successive redox cycles. Reduction-oxidation cycles were made until it 
could be considered that ilmenite had reached a constant reaction rate. Once ilmenite 
was activated and for the second series of experiments, a load of 1.5 g of South African 
coal char was introduced in the reactor in every reduction period. The reduction periods 
were 1800 s. The oxidation periods necessary for complete oxidation varied between 
600 and 1800 s. The effect of temperature and gas composition on the reaction rates of 
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gasification and subsequent combustion of gasification products was analyzed, as well 
as the role of ilmenite during char gasification. The oxygen carriers were exposed to a 
total number of 50 reduction/oxidation cycles.  
 
SEM pictures of the different samples, XRD analysis, as well as Hg porosimetry were 
carried out to see the changes undergone in the physical properties of ilmenite after 
various cycles when using a solid fuel as reducing agent. In addition, the reactivity of 
ilmenite particles during the activation period was analyzed by TGA experiments using 
5 vol.% H2 at 900ºC. 
 
3. Data evaluation 
 
To analyze the performance of ilmenite during char gasification and combustion of 
gasification products, a mass balance to carbon, hydrogen and oxygen was done from 
the concentration of CO2, CO, H2 and CH4 analyzed in every experimental condition. 
The molar gas flow of each component exiting the fuel reactor, Fi, is calculated as: 
 
i out iF F y   (11) 
 
yi being the molar fraction of the component i (CO2, CO, H2 or CH4) in the product gas. 
The total dry basis outlet flow, Fout, can be calculated by using the downstream 
introduced N2 flow, 
2N
F .  
 
2
(1 )
N
out
i
i
F
F
y


 (12) 
 
The rate of char conversion, rC(t), was calculated from a mass balance to carbon in 
gaseous form in the reactor. 
 
2 2 ,
( ) ( )C CO CO out CO inr t y y F F    (13) 
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Methane was not considered in the carbon balance because it was not detected in any 
case. The evolution of char conversion, Xchar, with time can be calculated by integrating 
Eq. (13). 
 
0
,
1
( ) ( )
t
char C
C char
X t r t dt
N
   (14) 
 
NC,char being the mol number of carbon fed into the reactor.  
 
The instantaneous rate of conversion of the char, rC,inst, is calculated as the rate of 
gasification per the amount of non-gasified carbon that is still in the reactor.  
 
,
,
0
( )
( )
( )
C
C inst t
C char C
r t
r t
N r t dt

 
 (15) 
 
In addition, from the gas product distribution, it is possible to know the rate of oxygen 
transferred from ilmenite to the fuel gas, rO(t), which can be calculated by means of the 
following oxygen balance: 
 
2 2 2 2 2 2, , , , ,
( ) (2 ) 2O O out O in out CO CO CO in H O out H O inr t F F F y y F F F              (16) 
 
Note that in the experiments where CO2 is fed to the reactor, the amount of CO2 
generated is represented and calculated by subtracting the inlet flow of CO2. Regarding 
the ultimate analysis it can be seen that the hydrogen and oxygen in the fuel used is 
negligible, and it was not considered in the mass balances, see Table 2. The flow of 
water at the reactor exit was calculated considering that the flow of hydrogen either in 
H2 or H2O comes only from introduced steam, 
2 ,H O in
F . The hydrogen coming from char 
moisture was considered to be negligible. 
 
2 2 2, ,H O out H O in out H
F F F y   (17) 
 
Thus, equation 13 can be reduced to: 
 13 
 
2 2 2 ,
( ) (2 ) 2O out CO CO H CO inr t F y y y F     (18) 
 
The conversion of ilmenite, Xred, in the fluidized bed for reduction reaction can be 
calculated from the integration of rO(t) with time: 
 
0
,
1
( ) ( )
t
red O
O ilm
X t r t dt
N
   (19) 
 
N0,ilm being the molar amount of oxygen in ilmenite active for CLC process, calculated 
as 
 
,
,
o O ilm
O ilm
O
m R
N
M
  (20) 
 
Finally, the conversion of gasification products, i.e. CO and H2, to CO2 and H2O by 
reaction with ilmenite particles was evaluated using the combustion efficiency, c. The 
combustion efficiency is defined as the oxygen gained by the fuel for its oxidation 
divided per the oxygen needed to fully oxidize the fuel. Here, the combustion 
efficiency, c, is calculated with Eq. (21). 
 
c
( )
η ( )
2 ( )
O
C
r t
t
r t
  (21) 
 
4. Results and discussion 
 
In a previous work, an activation process of the ilmenite was observed when using 
gaseous fuels as reducing agents [26]. The activation process happened during ilmenite 
exposition to consecutive redox cycles. As activation proceeds, the reactivity increases 
but the oxygen transport capacity of ilmenite, RO,ilm, decreases because of the 
appearance of free Fe2O3. After the activation period, reactivity of ilmenite was 
maintained roughly constant. Thus, prior to analyze the performance of ilmenite on 
gasification of char and subsequent combustion of gasification products, the activation 
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of ilmenite was carried out by doing consecutives redox cycles using char as fuel in the 
reduction period. After that, tests were carried out using the previously activated 
ilmenite varying the reaction temperature and the composition of the fluidizing gas. 
 
4.1. Activation of ilmenite with coal char 
 
In the first series of experiments, 16 consecutive redox cycles in batch fluidized bed 
were carried out using pre-oxidized ilmenite as starting material. Steam was used as 
fluidizing gas. Every reduction period consisted of two consecutive loads of 1.5 g of 
char. After the reduction period, the bed material was oxidized by air. The second load 
in the same period was fed to get further reduction of the oxygen carrier. 
 
Figs. 3a), 3b) and 3c) show the evolution in the flow of CO2, CO and H2 corresponding 
to the initial 10 redox cycles. No CH4 was observed during any test, since the volatile 
matter content in the fuel is negligible and no methane was generated at these 
conditions, e.g. by methanation of hydrogasification reactions. Just after introducing the 
char load, the concentration of CO2, CO and H2 had their maximum values and then 
decreased over time. This fact is evident as there was less remaining char in the reactor. 
In addition, the second loads showed similar profiles than the first ones. Differences can 
be attributed to experimental error. The final conversion of ilmenite after the reducing 
period was lower than 12 % in all cases, which are quite low and therefore no oxygen 
depletion effect in the ilmenite was seen. When the effect of consecutives redox cycles 
on the concentration of gases is analyzed, it can be seen that there is an increase in the 
production of CO2 and a decrease in the gasification products (H2 and CO) in the 
product gas with the cycles. After several redox cycles the CO2 concentration achieves 
the highest value and no further substantial increase on CO2 concentration or decrease 
on CO or H2 concentration was observed. It seems that an activation process was 
happening, where the reactivity of ilmenite was increased, and the gas conversion of CO 
and H2 to CO2 and H2O was increased during the initial 6 or 7 cycles. After that, 
ilmenite reactivity stabilizes and no further substantial increase in gas conversion was 
taking place. 
 
To confirm the activation process, reactivity of ilmenite samples withdrew from the 
reactor after 1, 3, 7, 10, 13 and 16 cycles was determined by thermogravimetric 
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analysis. The conversion vs. time curves obtained from TGA experiments are shown in 
Fig. 4. For comparison purposes, the conversion curves for pre-oxidized and fully 
activated ilmenite are also shown. The conversion curve for fully activated ilmenite was 
taken from activated ilmenite after 20 cycles using H2 as reducing gas, as it was shown 
in a previous work [26]. The conversion during reduction reaction, Xred, and oxidation 
reaction, Xox, were determined from the mass variation of solid samples in TGA by 
using Eqs (22) and (23), respectively.  
 
,
o
red
O ilm o
m m
X
R m

  (22) 
,
r
ox
O ilm o
m m
X
R m

  (23) 
 
m being the instantaneous mass of the solid sample as the reaction proceeds.  
 
For the reduction reaction, it can be seen in Fig. 4a) that the reaction rate mostly 
increases during the initial redox cycles. After one cycle, the reactivity increase is very 
important, and ilmenite can be considered activated after 7 cycles. On the contrary, for 
oxidation the activation process is slower than for reduction, see Fig. 4b). Indeed, 
ilmenite is not completely activated after 16 redox cycles for the oxidation reaction. In a 
previous work [31] it was determined that oxidation reaction proceeds in two 
consecutives steps: the first one controlled by chemical reaction and the second one 
controlled by diffusion of gases in the product layer. The second step is influenced by 
the porosity of the solid, and the conversion which the product layer diffusion begins to 
control the reaction rate increases with the particle porosity. Thus, porosity of the 
ilmenite samples were determined by mercury porosimetry. Samples for ilmenite after 
1, 3, 7, 10, 13 and 16 cycles have, respectively, porosities of 2, 3.8, 5.9, 8.5 and 12.6%. 
However, the porosity for a fully activated particle was 27.5%. 
 
The two steps above described in the oxidation reaction can be clearly seen in Fig. 4b). 
The reactivity of the first step was maintained roughly constant in all cases, but the 
conversion at which the controlling mechanism is shifted increases with the cycle 
number, i.e. as the porosity of ilmenite particles increases. 
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To observe changes in the solid structure throughout consecutives redox cycles, a 
morphological characterization of several samples was performed by SEM. Fig. 5 
shows SEM images of pre-oxidized particles and after 3 and 13 cycles. Pre-oxidized 
ilmenite shows a granular structure with little porosity development. There is a 
continuous development of porosity as well as the granulation is enhanced during redox 
cycles. The development of the granular structure and porosity leads to a reactivity 
increase with the cycle number. These observations follow the same pattern as when 
using gaseous fuels [26].  
 
Furthermore, the possible variation in the oxygen transport capacity of ilmenite, RO,ilm, 
with the cycle number has been analyzed. The oxygen transport capacity of several 
samples withdrew from the reactor after 1, 3, 7, 10, 13 and 16 cycles was measured with 
TGA at 900ºC using 5 vol.% H2 and 40% H2O in the reacting gases. At this condition, 
iron compounds in the fully reduced sample appear as FeTiO3 or Fe3O4, i.e. the oxygen 
transport capacity useful for CLC is directly measured from the mass variation between 
the oxidized and reduced form. The oxygen transport capacity barely decreased with the 
cycle number. After 16 redox cycles with char there was only a very slight decrease in 
the measured RO,ilm value from 4 % to 3.9 %.  
 
Previous work [26] showed that the oxygen transport capacity of ilmenite, RO,ilm, got 
reduced gradually with the number of cycles. The reason for that was the migration of 
iron towards the outer surface of the particle creating an external shell of free Fe2O3. 
The initial RO,ilm value was 4%, and it decreased until 2.1% after 100 redox cycles 
because the Fe2O3 fraction increased with the cycle number at expenses of decreasing 
the fraction of Fe2TiO5.  
 
SEM images show that in this work, the outer shell observed in the previous work is not 
formed. In addition, XRD analysis showed that the share of iron compounds between 
Fe2TiO5 and Fe2O3 was not affected by the cycle number in the fully oxidized samples. 
Thus, the composition described in Section 2.1 for pre-oxidized ilmenite was 
maintained roughly constant during the activation period. This fact confirms that the 
oxygen transport capacity –which depends on the share of iron– was barely affected by 
the number of cycles. 
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Thus, during the activation period showed in this work, the migration of iron was not 
observed as in previous work using gaseous fuels [26]. The difference between both 
cases can be found in the extent of ilmenite reduction happening in every redox cycle 
because the iron migration was enhanced as the reduction conversion increased [26]. In 
experiments showed in this work, ilmenite conversion was as low as 8 % in the first 
cycle and increased to 12 % after the activation period, i.e. 6
th
-7
th
 cycle. These values 
were lower than the final conversion reached in previous tests with gaseous fuels. Thus, 
the migration of iron was not promoted at low ilmenite conversion values as in 
experiments carried out in this work, and it seemed not be affected by the fact that the 
initial fuel is gaseous or solid. Iron migration would be expected with higher conversion 
values or more redox cycles. 
 
The effect of the activation process on the char gasification was analyzed by 
considering the rate of char conversion, rC(t), as the total flow of CO2 and CO exiting 
from the reactor, as it is shown in Fig. 6. When the evolution of carbon in the gases is 
analyzed with the cycle number, it was observed a slight increase in the rate of char 
conversion during the initial 6-7 cycles and then it was maintained roughly constant. 
Thus, the char gasification is being affected in some mode by the increase of reactivity 
of ilmenite. Likely, the lower concentrations of H2 and CO –which present an inhibitory 
effect on the char gasification– as ilmenite is being activated increased the gasification 
rate with the initial 6-7 cycles.  
 
Regarding the differences in the density and particle size used for char and ilmenite 
particles, some char particles could be segregated to the top of the fluidized bed. Thus, 
some unconverted H2 and CO could not have been in contact with the oxygen-carrier if 
they came from the gasification of segregated char particles. However, in that case the 
increase in ilmenite reactivity would have a lower effect on the H2 and CO 
concentrations. Therefore, the effect of the possible segregation of the char particles on 
the gas distribution would be of low relevance. 
 
All the following tests were performed with the so-called activated ilmenite, which has 
constant reactivity in the reducing reaction. Thus, the effect of the variation in ilmenite 
reactivity on the evaluation of the results can be ignored. 
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4.2. Role of ilmenite in char gasification 
 
The effect of ilmenite as oxygen-carrier in the gasification process was evaluated by 
comparing the gas product distribution obtained using ilmenite or silica sand as bed 
material, see Fig. 7. Obviously, ilmenite has an effect on the gas distribution. It reacts 
with CO and H2 and gives CO2 and H2O. Furthermore, the selectivity of ilmenite 
towards the reaction with H2 or CO also can be observed. Thus, the ratio CO/H2 in the 
product gas for sand is about 0.7, whereas is 2.8 for ilmenite because the reaction with 
H2 is faster than with CO [31]. 
 
Fig. 8 shows the instantaneous rate of char conversion, rC,ins(t), when ilmenite or sand is 
used as bed material. The rC,ins values were higher for ilmenite that for sand. The 
positive effect of the oxygen-carrier in the gasification process has already been proven 
in several studies [10,18,20]. The use of ilmenite improves the gasification since the 
concentrations of H2 and CO decreased, which are well known to be inhibitors for 
gasification. In both cases, a slight tendency towards the increase in the instantaneous 
rate of char gasification with char conversion is observed. Average values of char 
conversion rate of 10.9 %/min for ilmenite and of 6.5%/min for sand were obtained at 
950ºC using steam. Only average rates for char conversion between 0.35 and 0.75 were 
considered as representative of the process. So, it was avoided any possible effect of the 
back-mixing at the beginning or mathematical errors introduced at the end of the period 
when the concentrations or remaining char are too low.  
 
Usually, the gasification process is explained by the homogeneous model or the random 
pore model [32]. If a random pore model was fulfilled the instantaneous rate goes 
through a maximum, which was not observed. If gasification followed a homogeneous 
model, the instantaneous rate of char conversion should be constant with the char 
conversion. From these batch tests and the resulting gas profiles (see Fig. 7), no 
conclusive statement about what the gasification model is for this fuel can be drawn up. 
However, a study made by TGA analysis on char gasification of this fuel showed that it 
follows a homogeneous model [33]. The slight increase in the rate of char gasification 
observed in these batch tests could be explained by an increase in the gasification rate 
because there was lower concentration of H2 –which inhibits steam gasification–in the 
reacting gas as the char was being converted. 
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In addition, for comparison purposes tests were performed using N2 as fluidizing gas 
and ilmenite or sand as bed material. Here, the rate of char gasification represents the 
flow of carbon species (CO2 and CO) exiting in the gas stream. In this case, the 
evolution of carbon species to the gas stream was low when ilmenite was used, whereas 
no CO2 or CO was detected when sand was used. Thus, fuel oxidation is exclusively 
performed by the solid-solid reaction among char and oxygen-carrier [34], which 
depends on the surface of contact between solids and the type of contact [35]. However, 
it can be observed a substantial increase in the rate of char gasification when a 
gasification agent (H2O) is used as fluidizing gas. Therefore, the conversion of the solid 
fuel when is fluidized with H2O is mainly happening through gasification as an 
intermediate step, with CO and H2 as intermediate products, see Eqs. (1-4). In this case, 
solid-solid reaction between char and ilmenite particles would be negligible, which 
agreed to results previously obtained by other authors [10,18]. 
 
4.3. Effect of the fluidizing gas composition  
 
As much H2O as CO2 has been proposed as fluidizing gas because both of them can act 
as gasifying agent. Indeed, several works have analyzed the gasification in the CLC 
process for solid fuels using either H2O [10,20,25,27] or CO2 [7,18,29]. CO2 can be fed 
by recirculating a fraction of the product gas stream, as it was indicated in Fig. 1. Thus, 
the steam requirements for the gasification would be decreased in some extension if a 
mixture of CO2 and H2O was used, or even avoided if a pure stream of CO2 was used as 
fluidizing gas.  
 
Here, the effect of using a gas mixture of CO2 and H2O on the gasification of char 
particles from the South African bituminous coal was analyzed. Fig. 9 shows the 
instantaneous rate of char gasification, rC,inst(t), as a function of the char conversion 
when the reactor was fluidized by different H2O:CO2 mixtures, and Fig. 10 shows the 
char conversion reached throughout the time obtained from the gas distribution products 
by using Eq. (14). The instantaneous rate of char conversion increased significantly as 
higher was the H2O percentage in the gasification gas. Thus, the average gasification 
rate of char from South African bituminous coal dropped from 10.9 %/min for steam to 
a value of 3.4 %/min for gasification with CO2. For 100% steam, most of the char is 
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gasified the first 30 minutes, whereas only 60% char conversion was reached after 30 
minutes with CO2. 
 
To make comparisons about the use of H2O:CO2 mixtures as fluidizing gas it was 
considered the use of the half-life time, t50, defined as the reacting time necessary to 
reach 50% of char conversion. In addition, the time to convert 95% char, t95, which has 
been taken in other works [10,20] as a reference value to determine the residence time 
to mostly convert the char in the reactor, has been considered. Values of t50 and t95 were 
calculated from the following equations assuming the gasification reaction follows the 
homogeneous model. 
 
, ,
1
(1 )
1
char
C inst C inst char
char
dX
r r t ln X
X dt
     

 (24) 
 
Thus, the residence time to reach a conversion Xt, i.e. tX, was obtained as: 
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1
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t ln X
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Table 3 shows the t50 values for different H2O:CO2 ratios, that is when Xt = 0.5. The 
half-life of char particles when fluidizing with 30% CO2 is two times in comparison to 
100% H2O, whereas is three times when fluidizing with 100% CO2. Furthermore, Table 
3 also shows the t95 values for different H2O:CO2 ratios. Thus, the residence time of 
char particles in the fuel reactor should be 27.5 min when H2O is used as gasifying 
agent, being increased up to 88.1 min if CO2 was used. In addition, the introduction of 
10 vol.% CO2 in the fluidizing gases gives an increase of nearly 50% in the residence 
time necessary to convert char particles. From these results it can be concluded that 
steam seems to be the more adequate fluidizing gas for the South African coal used in 
this work. The case could be different for other type of coal, as lignite, which shows 
high reactivity for gasification with CO2 [18,36].  
 
In this technology, the gasification products, mainly composed of CO+H2, must react 
with the oxygen-carrier getting oxidized. Thus, the reactivity of the oxygen-carrier with 
the gasification products will affect the combustion efficiency in the fuel reactor, and 
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also must be analyzed in order to fully understand the performance of the fuel reactor 
[18]. Fig. 11 shows the evolution of combustion efficiency, c, with the char conversion 
for different H2O:CO2 ratios. The combustion efficiency decreases as the CO2 content in 
the fluidizing gas increases, in spite of the flow of gasification products which must 
react with a constant amount of ilmenite decreases as it was discussed above (see Fig. 
9). Nevertheless, although of flow of reacting gases is lower, they are enriched in CO by 
reaction (3). That is, the outgoing H2 flow decreases when using CO2 as gasification 
agent, which leads to a worse combustion, since ilmenite reacts slower with CO than 
with H2 [31]. Thus, not only the gasification step, but the oxidation is proven to be also 
influenced by the gasification agent. 
 
Besides, when gasifying with 100% steam some H2 was measured, but for the H2O:CO2 
mixtures no H2 was measured in the product gas. Here, the water-gas shift (WGS) 
reaction, see Eq. (26), it is believed to have low relevance in the CO generation because 
the gas composition is far away from WGS equilibrium. This is confirmed by the small 
amounts of H2 obtained in the reactor outlet.  
 
H2O  +  CO   ↔   H2  +  CO2 (26) 
 
In addition, it can be seen in Fig. 11 that the combustion efficiency is maintained 
roughly constant with the char conversion, although the flow of gasification products, 
i.e. H2 and CO, decreased as char is being converted. Thus, a constant amount of 
ilmenite (that existing in the reactor) is not able to better oxidize a lower flow of 
reacting gas (that is H2 and CO). This means that the rate of oxygen transferred from 
ilmenite to the fuel, rO, decreases as the amount of char remaining in the bed decreases. 
This decrease in the reaction rate of ilmenite is due to a lower concentration of H2 and 
CO in the reacting gas mixture. 
 
4.4. Effect of the reacting temperature  
 
The effect of the reacting temperature on the gasification rate and the subsequent 
conversion of gasification products by reaction with ilmenite particles were studied in 
the batch fluidized bed. Fig. 13 shows the instantaneous rate of char conversion, 
rC,inst(t), as a function of the char conversion when the reactor temperature was 900, 950 
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or 1000ºC and fluidizing gas was steam or CO2. It can be seen an important increase in 
the rate of char conversion with temperature when steam is used as gasifying agent. 
Thus, the average rC,inst value increases from 10.9 %/min at 900ºC up to 37.3 %/min at 
1000ºC. The values here obtained are in concordance with the previous results and 
evidence the great influence of the temperature in the gasification process [10,20]. On 
the contrary, the gasification rate with CO2 is not increased in the same proportion. 
Thus, the average rC,inst value increases from 3.4 %/min at 900ºC up to 6.9 %/min at 
1000ºC. Table 4 resumes the average rC,inst values for the different temperatures. The 
apparent activation energy, Ea, can be calculated from these values assuming an 
Arrhenius type dependence with the temperature, thus calculating that Ea = 162 kJ/mol 
for steam gasification and Ea = 88 kJ/mol for gasification with CO2. 
 
Table 4 shows the t50 and t95 values for the different tests performed at various 
temperatures with steam and CO2 as gasification agents. It can be seen that high 
temperature using steam as gasification agent is preferred in order to reduce the 
residence time of char particles to be gasified. So, the residence time to convert 95 % of 
char fed to the reactor is 7.8 min at 1000ºC for char particles used (+100-200 m) using 
steam, whereas 43.4 min should be necessary using CO2.  
 
Regarding the oxidation of gasification products by reaction with ilmenite, Fig. 14 
shows the combustion efficiency, c, at different temperatures when the fluidization gas 
was steam or CO2. For both gasification agents the combustion efficiencies are 
promoted with the temperature, as ilmenite reacts faster at higher temperatures. 
However, the dependence of c with temperature was of lower relevance that those 
showed for char gasification, see Fig. 13. The combustion efficiency for steam is very 
high and increases from about 89% at 900ºC to 95% at 1000ºC. For CO2 c rises from 
about 59% at 900ºC to 65% at 1000ºC. H2 is generated as a gasification product when 
H2O is present in the fluidizing gas, whereas CO is the only gasification product when 
using CO2. In a previous study on ilmenite kinetics, H2 was proved to have higher 
reaction rate ilmenite than CO [31]. The differences seen in the combustion efficiencies 
when using H2O or CO2 as fluidizing agents lie in the generation of the more reactive 
gas H2 when gasifying with H2O.  
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4.5. Theoretical approach  
 
The conversion of char in the fuel-reactor will determine the carbon capture efficiency 
of the CLC system with coal. A theoretical study in the fuel-reactor was done to get 
further valuable information about the char conversion in the CLC system. Considering 
the fuel-reactor as control volume, the simplified mass balance for carbon in char can be 
expressed with Eq. (27).  
 
, , , ,C in C r C out C gF F F F    (27) 
 
The carbon inlet flows to the fuel-reactor are: (1) the incoming carbon flow in char with 
the coal feed, FC,in, and (2) the carbon flow that is separated by the carbon stripper and 
recirculated back to the fuel-reactor, FC,r. The carbon outlet flows from the fuel-reactor 
are: (1) the remaining carbon in char exiting the fuel-reactor, FC,out, and (2) the gasified 
carbon, exiting as part of the product gas, FC,g. The following carbon balance was done 
to the carbon stripper: 
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FC,AR being the carbon flow passing to the air-reactor and CS the efficiency of 
separation in the carbon stripper. The flow of gasified carbon was calculated as  
 
, ,C g C inst CF r m   (29) 
 
rC,inst being the instantaneous char gasification rate, as defined in Eq. (15), and mC the 
mass of carbon in the fuel-reactor. mC was calculated assuming that a perfect mixing of 
solids in the fuel-reactor and a constant reaction rate for the char particles. Thus, the 
carbon concentration in the fuel-reactor, CC, is equal to that in the outlet stream of 
solids.  
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Film being the circulation flow of ilmenite and milm the mass of ilmenite in the fuel-
reactor. After some algebra arrangements with Eqs. (27-30), char conversion, XC, is 
calculated as: 
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Char conversion was defined as the fraction of carbon introduced with the char feed that 
exits as gaseous product from the fuel-reactor. Thus, char conversion can be easily 
calculated knowing the char gasification rate, rC,inst, and giving some design and 
operational parameters, i.e. the circulation flow rate of ilmenite, Film, the ilmenite 
inventory in the fuel-reactor, milm, and the carbon stripper efficiency, CS.  
 
The reactivity data showed in this work for char from a South African coal were used to 
calculate the char conversion at different operating conditions, see rC,inst in Tables 3 and 
4. Table 5 shows the proximate and ultimate analysis of this coal. Taking 1 MWth as 
reference value and considering RO,ilm=4.0 wt%, the stoichiometric circulation flow rate 
of ilmenite to fully convert coal to CO2 and H2O was 2.1 kg/s, i.e. with an oxygen-
carrier to fuel ratio  = 1. Abad et al. [24] showed that the optimum oxygen-carrier to 
fuel ratio was in the range 2.5 to 5. Thus, a  value of 3 was here chosen for 
simulations. In addition, 200 kg/MWth was considered as ilmenite inventory during first 
approach. In a previous work, it was estimated that 200 kg/MWth would be enough to 
burn 95% of the gasification products [31]. 
 
Firstly, it was considered that the system had no carbon stripper, i.e. ηCS = 0. Fig. 15a) 
shows the effect of temperature in the calculated char conversion using steam or CO2 as 
gasification agents. It can be seen that the char conversion reached a very low value 
even at 1000ºC with steam as gasification agent, for which only 17% of char is gasified. 
Lower values were obtained at lower temperatures or using CO2 as gasification agent 
because of the lower gasification reactivity. This fact evidences the need of a carbon 
stripper unit in order to separate a fraction of the non-gasified char and re-introduce it to 
the fuel-reactor. Thus, the residence time of char particles in the fuel-reactor will be 
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increased. Fig. 15b) shows the char conversion with steam at 1000ºC as a function of 
the carbon stripper efficiency, CS. The char conversion is correspondingly increased 
with the carbon stripper efficiency. If 90% of char conversion is desired, the carbon 
stripper efficiency must be about 95%. Obviously, if the carbon separation efficiency is 
CS = 1, all carbon is gasified and no carbon is passing to the air-reactor. Fig. 15b) also 
shows the carbon concentration in the fuel-reactor. Thus, the carbon concentration 
increases with the carbon stripper efficiency. This fact will be relevant for the carbon 
stripper design. 
 
Considering a reasonable carbon stripper efficiency of 90%, in order to ensure high char 
conversion efficiencies, higher ilmenite inventories are needed. Fig. 15c) displays the 
char conversion with steam at 1000ºC calculated for increasing ilmenite inventory (ηCS 
= 90%). The char conversion rapidly increases until a solids inventory about 500-1000 
kg/MWth. Thus, the char conversion increased from 67% with 200 kg/MWth to 91% 
with 1000 kg/MWth. Further increase in the solids inventory has a minor effect on the 
char conversion. To increase the solids inventory above 1000 kg/MWth would not be 
therefore recommended.  
 
These results show the reliability of the process using ilmenite as oxygen-carrier. High 
carbon capture efficiency can be obtained or by optimizing the carbon stripper design or 
by increasing the solids inventory. The following question is to know the fraction of 
gasification products that will be converted to CO2 and H2O by reaction with ilmenite 
particles. This task needs to consider simultaneously the reaction kinetics of the gaseous 
products with ilmenite and the gas flow throughout the reactor. 
 
5. Conclusions 
 
An analysis of the char gasification in presence of ilmenite particles –which act as 
oxygen-carrier– was carried out to determine key parameters in Chemical-Looping 
Combustion of coal. Both, char gasification and ilmenite reactivity were evaluated 
through consecutive redox cycles using char particles coming from devolatilization of 
South African bituminous coal. The activation process of ilmenite particles as well as 
the effects of the fluidization gas and temperature were studied. 
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For the reduction reaction, ilmenite increases its reactivity relatively fast during the 
initial redox cycles. Seven redox cycles are enough to fully activate ilmenite particles 
when coal char was used as fuel. However, ilmenite was not activated yet for the 
oxidation reaction even after 16 redox cycles, because of the low variation of the 
ilmenite conversion in every cycle. At this condition, porosity was not developed at 
enough extension to overcome diffusion restrictions in the oxidation reaction. Besides, 
the oxygen transport capacity of the ilmenite particles barely changed with the redox 
cycles.  
 
Regarding the char conversion, lower concentration of H2 and CO enhanced the 
gasification reaction. Thus, a relevant increase in the gasification rate was observed 
when ilmenite instead of an inert substance was used as bed material. Moreover, the 
gasification rate itself raises slightly by the increase of ilmenite reaction rate during 
activation period, and gasification is improved as the generated H2 and CO decreases 
with the char conversion. 
 
Steam is preferred as gasification agent as CO2, since gasification rate is higher. Even if 
low fraction of CO2 was present in the feeding gas stream, the gasification rate was 
appreciably decreased. In addition, high temperature enhanced in high extent the steam 
gasification. Thus, the residence time to convert 95 % of char fed was decreased from 
27.5 min at 900ºC to 7.8 min at 1000ºC using char from South African bituminous coal 
(+100-200 m).  
 
The later combustion of the gasification products with ilmenite is also influenced by the 
gasifying agent, as gasification with H2O generates more H2 that is more reactive with 
ilmenite and on the other hand gasification with CO2 produces more CO. The resulting 
combustion efficiency is therefore higher when gasifying with increasing H2O/CO2 
ratio. Moreover, the combustion efficiencies have turned out to be quite constant as char 
is further converted. A rise in the operation temperature also causes an increase in the 
combustion efficiencies, since ilmenite reaction rates are promoted. 
 
A mass balance to the fuel-reactor and carbon stripper was done in order to know the 
conversion of char in the system. The use of a carbon stripper was found to be essential 
in order to reach high values of char conversion by gasification in the fuel-reactor. The 
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optimal range of solids inventory in the fuel-reactor that leads to high char conversions 
(around 90%) was found in the range 500-1000 kg/MWth. 
 
Notation 
 
CC = char concentration in the fuel reactor bed  
2 ,CO in
F  = CO2 flow introduced in the fuel reactor (mol/s) 
FC,AR = carbon flow in char that enters the air reactor (mol/s) 
FC,g = gasified carbon flow exiting as part of the product gas (mol/s) 
FC,in = carbon flow in char fed with the fuel flow (mol/s) 
FC,out = carbon flow in char leaving the fuel reactor (mol/s) 
FC,r = carbon flow in char recirculated back to the fuel reactor (mol/s) 
2 ,H O in
F  = H2O flow introduced in the fuel reactor (mol/s) 
2 ,H O out
F  = molar gas flow of H2O in the product gas (mol/s) 
Fi = molar gas flow of each component i (CO2, CO, H2 or CH4) in the product gas 
(mol/s) 
Film = ilmenite flow between reactors (mol/s)  
2N
F  = downstream introduced N2 flow (mol/s)  
2 ,O in
F  = total introduced oxygen flow in the fuel reactor (mol O2/s) 
2 ,O out
F = total oxygen flow exiting the fuel reactor (mol O2/s) 
Fout = total dry basis outlet gas flow (mol/s) 
m = instantaneous mass of the ilmenite sample (kg) 
mC = mass of char in the fuel reactor bed (kg) 
MexOy = oxidized form of the oxygen carrier 
MexOy-1 = reduced form of the oxygen carrier 
milm = ilmenite inventory in the fuel reactor (kg/MWth)  
mo = mass of the oxidized form of the oxygen carrier (kg) 
mr = mass of the reduced form of the oxygen carrier (kg) 
N0,ilm = molar amount of oxygen in ilmenite active for CLC process (mol) 
NC,char = mol number of carbon fed into the reactor (mol) 
R0,ilm = oxygen transport capacity of ilmenite 
rC(t) = rate of char conversion (mol/s) 
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rC,inst = instantaneous rate of char conversion (s
-1
) 
rO(t) = rate of oxygen transferred from ilmenite to the fuel gas (mol/s) 
t = time (s) 
t50 = time to convert 50% char (s) 
t95 = time to convert 95% char (s) 
tX = residence time to reach a conversion Xt 
Xchar = char conversion 
Xox = conversion of ilmenite for the oxidation reaction 
Xred = conversion of ilmenite for the reduction reaction  
Xt = char conversion reached with a residence time tX  
yi = being the molar fraction of the component i (CO2, CO, H2 or CH4) in the product 
gas 
ηCS = carbon stripper efficiency  
C = combustion efficiency  
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Table 1. Chemical and physical properties of pre-oxidized ilmenite. 
 
Table 2. Proximate and ultimate analysis (% weight) of char from devolatizing South 
African coal. 
 
Table 3. Average values of the instantaneous rate of char conversion, rC,inst(t), half-life 
time, t50 and residence time to convert 95% of char, t95, at different H2O:CO2 ratios. T = 
900ºC. 
 
Table 4. Average values of the instantaneous rate of char conversion, rC,inst(t), half-life 
time, t50 and residence time to convert 95% of char, t95, at different temperatures for 
H2O or CO2 as gasification agent. 
 
Table 5. Proximate and ultimate analysis (% weight) of South African coal. 
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Table 1. Chemical and physical properties of pre-oxidized ilmenite. 
 
XRD (main species) Fe2TiO5, Fe2O3, TiO2  
Oxygen transport capacity, RO,ilm (%) 4.0 
Particle diameter (µm) 150-300 
True density (kg/m
3
) 4100 
Porosity (%) 1.2 
BET Surface (m
2
/g) 0.8 
Crushing strength (N) 2.2 
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Table 2. Proximate and ultimate analysis (% weight) of char from devolatizing South 
African coal. 
 
Proximate analysis 
Water content 0.9 
Ash 20.0 
Volatile matter 1.1 
Fixed carbon 78.0 
Ultimate analysis 
Carbon 76.5 
Hydrogen 0.2 
Nitrogen 1.6 
Sulfur 0.8 
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Table 3. Average values of the instantaneous rate of char conversion, rC,inst(t), half-life 
time, t50 and residence time to convert 95% of char, t95, at different H2O:CO2 ratios. T = 
900ºC. 
 
H2O:CO2 100:0 90:10 70:30 50:50 0:100 
rC,inst (%/min) 10.9 8.1 5.7 4.8 3.4 
t50 (min) 6.4 8.6 12.2 14.4 20.4 
t95 (min) 27.5 37.0 52.6 62.4 88.1 
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Table 4. Average values of the instantaneous rate of char conversion, rC,inst(t), half-life 
time, t50 and residence time to convert 95% of char, t95, at different temperatures for 
H2O or CO2 as gasification agent. 
 
Gasification agent   H2O    CO2  
Temperature (ºC)  900 950 1000  900 950 1000 
rC,inst (%/min)  10.9 24.0 37.3  3.4 5.2 6.9 
t50 (min)  6.4 2.9 1.8  20.4 13.3 10.0 
t95 (min)  27.5 12.5 7.8  88.1 57.6 43.4 
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Table 5. Proximate and ultimate analysis (% weight) of South African coal. 
 
Proximate analysis 
Water content 4.2 
Ash 14.3 
Volatile matter 25.5 
Fixed carbon 56.0 
Ultimate analysis 
Carbon 69.3 
Hydrogen 4.0 
Nitrogen 2.0 
Sulfur 1.0 
LHV (kJ/kg) 25500 
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Captions of figures 
 
Fig. 1. Reactor scheme of Chemical-Looping Combustion using solid fuels (- - - 
optional stream). 
 
Fig. 2. Schematic layout of the laboratory setup. 
 
Fig. 3. Molar flow evolution with time of a) CO2, b) CO and c) H2 in the gas product 
during the initial 10 reduction cycles. The intervals between reducing periods have been 
removed. Every cycle consisted of 2 loads of char, 1.5 g each one. Gasification agent: 
steam. T = 900ºC. 
 
Fig. 4. Conversion of (a) reduction, Xred, and (b) oxidation, Xox, with time of ilmenite 
after 1, 3, 7, 10, 13 and 16 redox cycles using char as fuel and steam as fluidizing gas. 
The corresponding curves for pre-oxidized ilmenite and fully activated ilmenite are also 
showed. Reducing gas: 5% H2 + 40% H2O. Nitrogen to balance. Oxidation gas: air. T = 
900ºC. 
 
Fig. 5. SEM images of (a) detail of the external surface, (b) detail of the cross section 
inside the particles and (c) cross section of a particle for pre-oxidized ilmenite, after 3 
cycles and after 13 cycles using coal char as fuel. 
 
Fig. 6. Evolution of the rate of char conversion with time during the initial 10 reduction 
cycles. Every cycle consisted of 2 loads of char, 1.5 g each one. Gasification agent: 
steam. T = 900ºC. 
 
Fig. 7. Gas flow evolution with char conversion of a) CO2, b) CO and c) H2 in the gas 
product during char conversion using activated ilmenite (–––) or sand (– – –) as bed 
material. Loads of 1.5 g char. Gasification agent: steam. T = 900ºC. 
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Fig. 8. Instantaneous rate of char conversion, rC,inst(t), as a function of the char 
conversion with activated ilmenite and sand as bed materials. Loads of 1.5 g char. 
Gasification agent: steam. T = 900ºC. 
 
Fig. 9. Instantaneous rate of char conversion, rC,inst(t), as a function of the char 
conversion with activated ilmenite as bed material when different H2O:CO2 ratios was 
used, corresponding to that showed in Table 3. Loads of 1.5 g char. T = 900ºC. 
 
Fig. 10. Char conversion vs. time curves for different H2O:CO2 ratios. Activated 
ilmenite as bed material. Loads of 1.5 g char. T = 900ºC. 
 
Fig. 11. Combustion efficiency as a function of the char conversion for several 
H2O:CO2 ratios. Activated ilmenite as bed material. Loads of 1.5 g char. T = 900ºC. 
 
Fig. 12. Evolution with time of the flow of CO exiting from the reactor for different 
H2O:CO2 ratios. Activated ilmenite as bed material. Loads of 1.5 g char. T = 900ºC. 
 
Fig. 13. Instantaneous rate of char conversion, rC,inst(t), as a function of the char 
conversion at 900, 950 and 1000ºC. Fluidizing agent: (a) H2O; (b) CO2. Activated 
ilmenite as bed material. Loads of 1.5 g char. 
 
Fig. 14. Combustion efficiency as a function of the char conversion at 900, 950 and 
1000ºC. Fluidizing gas: a) H2O; b) CO2. Activated ilmenite as bed material. Loads of 
1.5 g char. 
 
Fig. 15. Conversion of char by gasification in the fuel-reactor as a function of a) 
temperature with steam or CO2 as gasification agents and without carbon stripper; b) 
carbon stripper efficiency; and c) ilmenite inventory in the fuel-reactor with a carbon 
stripper efficiency of ηCS = 90%. In Figs. a) and b) the solids inventory was 200 
kg/MWth. In Figs. b) and c) steam was the gasification agent and the temperature 
1000ºC.  
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Fig. 1. Reactor scheme of Chemical-Looping Combustion using solid fuels (- - - 
optional stream). 
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Fig. 2. Schematic layout of the laboratory setup. 
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Fig. 3. Molar flow evolution with time of a) CO2, b) CO and c) H2 in the gas product 
during the initial 10 reduction cycles. The intervals between reducing periods have been 
removed. Every cycle consisted of 2 loads of char, 1.5 g each one. Gasification agent: 
steam. T = 900ºC. 
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Fig. 4. Conversion of (a) reduction, Xred, and (b) oxidation, Xox, with time of ilmenite 
after 1, 3, 7, 10, 13 and 16 redox cycles using char as fuel and steam as fluidizing gas. 
The corresponding curves for pre-oxidized ilmenite (   ) and fully activated ilmenite 
(– – –) are also showed. Reducing gas: 5% H2 + 40% H2O. Nitrogen to balance. 
Oxidation gas: air. T = 900ºC. 
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Fig. 5. SEM images of (a) detail of the external surface, (b) detail of the cross section 
inside the particles and (c) cross section of a particle for pre-oxidized ilmenite, after 3 
cycles and after 13 cycles using coal char as fuel. 
 
 
 45 
Design Considerations for Chemical-Looping Combustion of coal – Part 1. 
Experimental Tests. 
Ana Cuadrat*, Alberto Abad, Juan Adánez, Luis F. de Diego, Francisco García-
Labiano, Pilar Gayán. 
 
 
time (min)
0 300 600 900
r C
(t
)·
1
0
5
 (
m
o
l/
s
)
0
2
4
6
8
10
12
1 2 3 4 5 6 7 8 9 10
 
Fig. 6. Evolution of the rate of char conversion with time during the initial 10 reduction 
cycles. Every cycle consisted of 2 loads of char, 1.5 g each one. Gasification agent: 
steam. T = 900ºC. 
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Fig. 7. Gas flow evolution with char conversion of a) CO2, b) CO and c) H2 in the gas 
product during char conversion using activated ilmenite (–––) or sand (– – –) as bed 
material. Loads of 1.5 g char. Gasification agent: steam. T = 900ºC. 
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Fig. 8. Instantaneous rate of char conversion, rC,inst(t), as a function of the char 
conversion with activated ilmenite and sand as bed materials. Loads of 1.5 g char. 
Gasification agent: steam. T = 900ºC. 
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Fig. 9. Instantaneous rate of char conversion, rC,inst(t), as a function of the char 
conversion with activated ilmenite as bed material when different H2O:CO2 ratios was 
used, corresponding to that showed in Table 3. Loads of 1.5 g char. T = 900ºC. 
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Fig. 10. Char conversion vs. time curves for different H2O:CO2 ratios. Activated 
ilmenite as bed material. Loads of 1.5 g char. T = 900ºC. 
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Fig. 11. Combustion efficiency as a function of the char conversion for several 
H2O:CO2 ratios. Activated ilmenite as bed material. Loads of 1.5 g char. T = 900ºC. 
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Fig. 12. Evolution with time of the flow of CO exiting from the reactor for different 
H2O:CO2 ratios. Activated ilmenite as bed material. Loads of 1.5 g char. T = 900ºC. 
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Fig. 13. Instantaneous rate of char conversion, rC,inst(t), as a function of the char 
conversion at 900, 950 and 1000ºC. Fluidizing agent: (a) H2O; (b) CO2. Activated 
ilmenite as bed material. Loads of 1.5 g char. 
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Fig. 14. Combustion efficiency as a function of the char conversion at 900, 950 and 
1000ºC. Fluidizing gas: a) H2O; b) CO2. Activated ilmenite as bed material. Loads of 
1.5 g char. 
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Fig. 15. Conversion of char by gasification in the fuel-reactor as a function of a) 
temperature with steam or CO2 as gasification agents and without carbon stripper; b) 
carbon stripper efficiency; and c) ilmenite inventory in the fuel-reactor with a carbon 
stripper efficiency of ηCS = 90%. In Figs. a) and b) the solids inventory was 200 
kg/MWth. In Figs. b) and c) steam was the gasification agent and the temperature 
1000ºC.  
 
